. We compared growth factor receptor expression and vasculogenic/angiogenic responses of rat coronary microvascular endothelial cells (ECs) by exposing cells to CS (10% elongation at 30 cycles/min) and SS (constant 10% elongation). Both CS and SS increased VEGF receptor (VEGF-R)2 protein levels and the extent of tube formation and branching. Moreover, both CS and SS enhanced VEGF-induced cell proliferation and tube formation, indicating that both types of stretch increase the sensitivity of ECs to VEGF. Blockade of VEGF-R2 prevented the increases in EC proliferation and aggregate tube length. However, CS but not SS enhanced EC Tie-2 protein and migration. CS affected a greater increase in tube length and branch formation than did SS. A unique finding was that SS but not CS increased VEGFR-1 in ECs. Our study is the first to distinguish between the effects of CS and SS on growth factor receptor expression and rat coronary microvascular EC proliferation, migration, and tube formation. In conclusion, EC angiogenic responses to these two types of stretch display both differences and similarities, but both CS and SS are dependent on VEGF-R2 signaling for their vasculogenic/angiogenic effects. cyclic stretch; vascular endothelial growth factor/receptors; tie-2; coronary vasculogenesis/angiogenesis BLOOD VESSEL FORMATION AND GROWTH are dependent on growth factors and their receptors. Endothelial cells (ECs) migrate, proliferate, and form vascular tubules, a process known as vasculogenesis. This process is followed by, or coexists with, branching or compartmentalization of the EC-lined tubes, i.e., angiogenesis (6, 30, 42, 49 ). An endothelium-specific growth factor, VEGF, plays an essential role in both the development and maintenance of blood vessels by binding to and stimulating receptor tyrosine kinases (RTKs) VEGF receptor 1 (VEGF-R1; Flt-1) and 2 (VEGF-R2; Flk-1) (2, 31, 47). The ensuing phosphorylation of RTKs activates intracellular signaling pathways that trigger EC migration, proliferation, and tube formation (4, 19, 33, 41, 55) . Mice lacking VEGF-R2 die at embryonic day (E)8.5 because of a defect in vasculogenesis resulting from the failure of endothelial progenitor migration and expansion (34, 35), whereas VEGF-R1-null mice die between E8.5 to E9.0 because EC proliferation is excessive and tubule formation is disorganized (13). VEGF-R1 has been thought to function mainly by inhibiting VEGF-R2 signaling or by acting as a decoy receptor, whereas VEGF-R2 is known to mediate the major growth effects of VEGF (19, 25, 37) . However, there is increasing evidence for VEGF-R1 signaling playing a role in angiogenesis (3, 43, 44). Tie-2, a receptor of angiopoietins expressed predominantly on ECs, is also a critical player in blood vessel formation (12). Functional disruption of Tie-2 in transgenic mice results in lethality by E9.5-10.5, and this correlates with reduced numbers of ECs and abnormalities of vascular morphogenesis (33). Thus, Tie-2 is also critical for vasculogenesis and angiogenesis during development.
BLOOD VESSEL FORMATION AND GROWTH are dependent on growth factors and their receptors. Endothelial cells (ECs) migrate, proliferate, and form vascular tubules, a process known as vasculogenesis. This process is followed by, or coexists with, branching or compartmentalization of the EC-lined tubes, i.e., angiogenesis (6, 30, 42, 49 ). An endothelium-specific growth factor, VEGF, plays an essential role in both the development and maintenance of blood vessels by binding to and stimulating receptor tyrosine kinases (RTKs) VEGF receptor 1 (VEGF-R1; Flt-1) and 2 (VEGF-R2; Flk-1) (2, 31, 47) . The ensuing phosphorylation of RTKs activates intracellular signaling pathways that trigger EC migration, proliferation, and tube formation (4, 19, 33, 41, 55) . Mice lacking VEGF-R2 die at embryonic day (E)8.5 because of a defect in vasculogenesis resulting from the failure of endothelial progenitor migration and expansion (34, 35) , whereas VEGF-R1-null mice die between E8.5 to E9.0 because EC proliferation is excessive and tubule formation is disorganized (13) . VEGF-R1 has been thought to function mainly by inhibiting VEGF-R2 signaling or by acting as a decoy receptor, whereas VEGF-R2 is known to mediate the major growth effects of VEGF (19, 25, 37) . However, there is increasing evidence for VEGF-R1 signaling playing a role in angiogenesis (3, 43, 44) . Tie-2, a receptor of angiopoietins expressed predominantly on ECs, is also a critical player in blood vessel formation (12) . Functional disruption of Tie-2 in transgenic mice results in lethality by E9. 5-10.5 , and this correlates with reduced numbers of ECs and abnormalities of vascular morphogenesis (33) . Thus, Tie-2 is also critical for vasculogenesis and angiogenesis during development.
The activation of each of the growth factors and receptors discussed above occurs in response to mechanical stimuli (27, 56) . Mechanical stretch results not only from pulsatile blood flow and ventricular diastole [cyclic stretch (CS)] but also from tissue expansion during growth [constant static stretch (SS)]. Thus, ECs are subjected to mechanical forces that can activate intracellular signals for EC proliferation, migration, and tube formation as well as gene expression.
Our previous data have indicated that CS of rat coronary microvascular ECs (RCMEC) upregulates VEGF-R2 in an independent manner but that it does not alter the expression of VEGF-R1 (56) . We and others have also shown that CS increases the expression of Tie-2 in ECs (8, 27, 56) , However, the effect of SS on growth factor receptor expression and vasculogenic/angiogenic responses of RCMECs is unknown. This study is the first to 1) compare the effects of CS and SS on EC vasculogenic/angiogenic responses and 2) take into account all the key events in the angiogenic cascade: migration, proliferation, tube formation, and branching. Our study assessed the expression of VEGF-R1, VEGF-R2, and Tie-2 in RCMECs in response to both types of stretch to elucidate possible differences in the mechanisms that regulate vasculogenic/angiogenic events in the two types of stretch.
MATERIALS AND METHODS
All procedures were approved by the University of Iowa Animal Care and Use Committee and are in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Publication No. 85-23, Revised 1996) .
Isolation and culture of RCMECs. After the rat had been heparinized and anesthetized [ketamine (50 units)-xylazine (10 mg/kg) intraperitoneally], the heart was removed and mounted on a Langendorff apparatus. RCMECs were isolated by collagenase perfusion as previously described (57) . Briefly, collagenase (0.7 mg/ml) was introduced into the perfusate and allowed to circulate for 30 -40 min, after which the ventricles were minced and the cells dispersed in collagenasecontaining perfusate. Myocytes were separated from RCMECs following filtration of the perfusate. RCMEC identity was confirmed by positive staining for platelet/EC adhesion molecule (antibody from BD Biosciences)-related and von Willebrand factor (antibody from Dako)-related antigens and by negative staining for prolyl-4-hydroxylase-␤ (fibroblast marker, antibody from ACRIS Antibodies). RCMECs from three hearts were pooled into two 100-mm gelatin-coated culture dishes. Cells were cultured at 37°C under 5% CO 2 in DMEM supplemented with 20% FBS, 2 mM L-glutamine, 20 mM D-glucose, 20 U/ml heparin, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 g/ml streptomycin. After RCMECs neared confluence, they were passaged by trypsinization and used for experiments at passages 2-3. Application of stretch to cultured cells. To produce CS and SS in vitro, we used a computerized Flexercell strain unit (Flexcell, McKeesport, PA). RCMECs were seeded on a Bioflex culture plate with a type I collagen substrate. After serum starvation for 16 h, cells were treated with 50 or 100 ng/ml VEGF (R&D Systems, Minneapolis, MN), 10 M SU-1498 (Flk-1 inhibitor, Calbiochem, La Jolla, CA), and VEGF or SU-1498 combined with stretch, respectively, for 18 or 24 h. CS was accomplished by subjecting cultured cells to a 10% average surface elongation at 30 cycles/min (1 s of stretch followed by 1 s of relaxation); SS was induced at the same elongation but at constant stretch without intermittent relaxation. Similar stretch periods were used for both CS and SS. These protocols were selected to provide a dynamic, near-physiological strain stimulus. Controls consisted of cells seeded on the Bioflex culture plate but not subjected to CS or SS.
Western blot assay. Cell lysates were immunoblotted as previously described (57) . Protein extracts (50 -75 g) were separated by 7.5% SDS-PAGE. Membranes were incubated with anti-VEGF-R1, anti-VEGF-R2, and anti-Tie-2 rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:100 -1:200 and anti-GAPDH monoclonal antibody (Chemicon, Temecula, CA) diluted 1:8,000 in 3% nonfat dry milk at 4°C overnight. Antigen-antibody complexes were visualized using an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE).
Cell proliferation assay. RCMEC proliferation was measured with an In Situ Cell Proliferation Kit (FLOUS, Roche Applied Science, Indianapolis, IN), which detects 5-bromo-2Ј-deoxyuridine (BrdU) incorporation into cellular DNA using fluorescein-conjugated monoclonal antibodies. RCMEC (5 ϫ 10 4 cells/ml) were plated on Bioflex culture plates and starved with serum-free DMEM for 16 h. RCMECs were then exposed to CS or SS for 1-24 h in DMEM supplemented with 10% FBS in the absence or presence of recombinant VEGF protein (50 ng/ml, R&D Systems). At the end of the experiments, RCMECs were incubated with BrdU labeling solution for 1 h at 37°C and then fixed with a solution containing ethanol. After cells had been washed in PBS, anti-BrdU-FLUOS antibody working solution was added, and cells were mounted in Vectashield containing propidium iodide (Vector Laboratories, Burlingame, CA). Ten random microscope fields were photographed from each well, and the percentage of BrdU-positive cells was determined by Image ProPlus software (Media Cybernetics, Silver Spring, MD).
EC migration assay. RCMEC migration was quantified on Bioflex culture plates by modification of a previously described method (11) . A cloning cylinder (diameter: 3/16-in., Bel-Art Products, Pequannock, NJ) was placed in each culture plate well. A 100-l RCMEC suspension (1 ϫ 10 5 cells/ml) was added to the center of the cylinder. RCMECs were then incubated at 37°C and 5% CO2. After cells had attached to the plates, the cylinder was removed, and cells were starved in serum-free DMEM for 16 h and then exposed to stretch. After stretch, RCMEC were fixed in cold 100% methanol and mounted in Vectashield mounting medium with 4Ј,6-diamidino-2-phenylindole (DAPI). To measure EC migration, a circle denoting the inside circumference of the cylinder (3/16-in., software generated) was superimposed on the images, and the mean distance from the edge of the circle to the front of the cells that had migrated in response to stimulation was measured with Image ProPlus software.
EC tube formation. Three-dimensional cultures were established as previously described with minor modifications (57) . Rat tail type I collagen (1.0 mg/ml) was mixed with 2ϫ medium 199 (M199) and neutralized with 1 N NaOH. Collagen mixture (300 l) was added to each well of a four-well plate and allowed to gel in a humidified incubator at 37°C. RCMECs (2 ϫ 10 5 cells/ml) that had been subjected to stretch or control conditions were subcultured on the collagen in DMEM supplemented with 10% FBS. RCMECs were then allowed to form tube-like structures over a period of 6 days. Cells were rinsed in ice-cold PBS and fixed in 4% paraformaldehyde overnight at 4°C. They were then incubated in Griffonia simplificolia I Isolectin IB 4 [Alexa labeled (10 g/ml, 1:100) in PBS with Ca 2ϩ and Mg 2ϩ ] for 45 min at 37°C to visualize ECs. After cells had been washed with PBS containing Ca 2ϩ and Mg 2ϩ , the gel was mounted in Vectashield mounting medium with DAPI and examined under fluorescence. Tube formation was quantified by measuring the aggregate tube length, and branching was quantified by counting the total number of tube segments in five fields at a magnification of ϫ40 power. We used a Nikon fluorescence microscope with Image ProPlus software to analyze the images.
Statistical analysis. All experiments were repeated at least three times. Results are expressed as means Ϯ SE. For protein expression experiments, six wells of cultured cells from each group were combined. One-way ANOVA followed by Dunnet's test was used to determine intergroup significance differences for protein data, and Bonferroni's procedure was used for all other data. P Յ 0.05 was considered significant.
RESULTS

Differential effects of CS and SS on the expression of growth factor receptors.
To compare the effect of CS and SS on the regulation of key growth factor receptors, RCMECs were exposed to either CS or SS for 1, 6, 18, and 24 h. The level of each receptor protein was assessed by Western blot analysis. RCMEC lysates were probed with anti-VEGF-R1, anti-VEGF-R2, or anti-Tie-2 antibodies. The application of SS caused VEGF-R1 protein to increase within 18 h (2.2-fold over the control value). In contrast, stimulation of RCMECs with CS did not alter VEGF-R1 expression (Fig. 1) . Levels of VEGF-R2 protein increased in a time-dependent manner following CS initiation and peaked (3.22-fold) at 6 h (Fig. 1 ). Significant increases were maintained throughout the 24-h period. SS also significantly increased VEGF-R2 (3.38-fold at 18 h), but this increase declined to levels approaching control after 24 h. CS induced the upregulation of Tie-2 protein after only 1 h and reached a peak increase at 18 h (Fig. 2) . However, SS did not significantly elevate Tie-2. These results suggest that CS and SS have similar effects on VEGF-R2 but dissimilar effects on VEGF-R1 and Tie-2 expression. Moreover, CS induces a more prolonged increase in VEGFR-2 than does SS.
CS and SS have similar effects on RCMEC proliferation. To evaluate cell proliferation, BrdU was added to the culture medium for 1 h after stretch for 23 h. BrdU-positive cells were identified by anti-BrdU antibodies conjugated to fluorescein. As shown in Fig. 3 , RCMEC proliferation was significantly increased by CS and SS as well as by the presence of VEGF (50 ng/ml). CS and SS increased BrdU-positive cells by 1.7-and 1.6-fold, respectively. The addition of exogenous VEGF enhanced the effects of both CS and SS on cell proliferation.
CS is more effective than SS in increasing RCMEC migration. RCMEC migration was assessed by measuring the distance between the edge of and the front of the migrating cells after 24 h of stretch. Both VEGF (50 -100 ng/ml) and CS significantly increased RCMEC migration (Fig. 4) . However, the addition of VEGF to the medium did not further increase the effects of CS. In contrast, migration was not significantly increased by SS but was enhanced in the presence of 50 ng/ml VEGF. Increasing the dose of VEGF to 100 ng/ml in the presence of SS did not increase migration further. These results indicate that 1) CS has a stronger effect than SS on RCMEC migration, and 2) exogenous VEGF enhances migration induced by SS but not that induced by CS.
CS induces a greater magnitude of tube formation and branching than SS. RCMEC that had been subjected to stretch for 18 h were incubated on collagen gels in the absence or presence of VEGF for 6 days. CS, SS, and the presence of VEGF each significantly increased total tube length, but CS was the most effective (total tube length increased 2.16-fold vs. 1.69-fold in SS; Fig. 5A ). Although both CS and SS enhanced VEGF-induced tube formation, exogenous VEGF increased only tube formation induced by SS. The number of tube segments was higher in cultures subjected to either CS or SS compared with nonstretched controls, but CS increased the number of segments to a greater degree than SS (4.24-fold vs. 1.97-fold; Fig. 5B ). 
VEGFR-2 mediates stretch-stimulated vasculogenic/angiogenic events.
To determine if VEGF-R2 signaling is a requirement for angiogenic events triggered by CS and SS, we inhibited this receptor with SU-1498. EC proliferation activated by both CS and SS was abolished with VEGF-R2 inhibition (Fig. 6) . Similarly, neither CS nor SS were able to increase mean migration distance (Fig. 7A ) and relative tube length (Fig. 7B) in the presence of SU-1498. Accordingly, this experiment documents VEGF-R2 signaling as a requirement for the vasculogenic/angiogenic cascade that is activated by either CS or SS.
DISCUSSION
This study, the first to compare EC angiogenic responses to CS and SS, documents that cells respond differently to these mechanical fences in some respects and similarly in others. Our experiments provide several novel and significant findings. First, CS elicits a more rapid and longer upregulation of VEGF-R2. Second, CS but not SS affects increases in Tie-2 protein. Third, VEGF-R1 is enhanced by SS but not by CS. However, despite the increase in VEGF-R1 in response to SS, our data show that VEGF-R2 signaling is the critical component of enhanced vasculogenesis/angiogenesis in response to either CS or SS, since its inhibition abolishes the enhanced EC proliferation, migration, and tube formation. Finally, while SS increases EC proliferation to a similar magnitude as CS, the latter induces a more robust vascular tube formation and branching. Thus, the cyclic component of CS contributes significantly to coronary tubulogenesis.
Mechanical forces activate/upregulate RTKs. Most RTKs can be activated by either shear stress or CS in the absence of ligand activation (9, 36, 56) . Shear stress upregulates VEGFR-2, Tie-2, and angiopoietins in ECs (9, 21, 39) . Similarly, our data and those published by others have shown that CS upregulates VEGFR-2 and Tie-2 mRNA and protein levels in ECs (8, 39, 56) . These data imply that these mechanical forces associated with shear stress and CS share some common signaling pathways that converge on VEGFR-2 and Tie-2. Our data document that SS, like CS, triggers increases in VEGFR-2. However, Tie-2 was significantly enhanced by CS but not by SS (Fig. 2) . Thus, the cyclic component of stretch plays a role in the upregulation of Tie-2 protein. Another notable difference between CS and SS Fig. 5 . Effect of CS and SS on tube formation of RCMECs. Cells that had been subjected to stretch or control conditions for 24 h were subcultured on three-dimensional collagen gel. RCMECs were then allowed to form tubes for 6 days. A: tube formation was quantified by measuring the total tube length in 5 fields at a magnification of ϫ40. B: numbers of tube segments. Note that CS induced a greater magnitude of tube branching than SS. is the fact that SS upregulated VEGFR-1 but CS did not. This finding is consistent with the evidence that VEGFR-1 plays a role in embryogenesis (13) when tissue growth may constitute a SS. A previous report (28) has shown that VEGFR-1 signals are required for VEGF-B-mediated angiogenesis. VEGF-B, a VEGF-R1 ligand, is most abundant in the heart, with especially strong expression in the developing heart (1, 29) . Antibodies to VEGF-B, but not VEGF-A, have been found to have a strong inhibitory effect on coronary artery development in vivo and tubulogenesis in vitro (43, 44) . The presence of VEGFR-1 is also critical for VEGFR-2 abundance. In bovine ECs, the application of short interfering RNA targeting VEGFR-1 led to a significant reduction in both VEGF-R1 and VEGF-R2 at protein and mRNA levels (20) . Despite the implication that VEGF-R1 contributes to SS-induced tubulogenesis, our data clearly document that VEGF-R2 is required for tubulogenesis induced by either CS or SS.
The mechanism by which cellular stretch is detected and translated into intracellular signaling is not completely understood. However, it is clear that mechanical forces can modulate the expression of numerous genes through the activation of various intracellular pathways. Such genes include those encoding specific ion channels, G proteins, cAMP, cGMP, PKC, inositol triphosphate, MAPKs, RTKs, and focal adhesion kinase (7, 9, 22, 23, 40, 55) . For instance, Hu et al. (14) suggested that changes in cellular morphology induced by stretch led to alterations in growth factor receptor conformation and that this results in exposure of the kinase domain and subsequent autophosphorylation. A previous study (50) indicated that interplay between integrins and VEGFR-2 plays a key role in the transduction of shear stress into chemical signals.
Mechanical forces stimulate angiogenic responses in ECs. EC are equipped with numerous receptors that allow them to detect and respond to mechanical forces and thereby lead to functional changes. In the present study, exposure to CS or SS resulted in similar magnitudes of RCMEC proliferation. The ability of mechanical forces to increase cellular growth in the absence of exogenous VEGF is consistent with previous reports in other cell types (5, 39) . Previous studies have reported that VEGFR-2 is a positive modulator of angiogenesis and that it mediates VEGF-induced cell proliferation (54), whereas Tie-2 is not involved in EC proliferation (17, 26) . These findings are consistent with our data, which reveal that CS and SS induce similar magnitudes of RCMEC proliferation but that CS is more effective in enhancing tubular branching than is SS. Since VEGF-R2 inhibition abolishes the enhanced EC proliferation, migration, and tube formation, signaling via this receptor is necessary for the vasculogenic/angiogenic events stimulated by either CS or SS. This finding is consistent with those of Yamamoto et al. (52) , who found that blockade of the shear stress-induced increase in VEGFR-2 abolished the shear stress-induced proliferation and differentiation of Flk-1-positive embryonic stem cells. Our data also fit with the finding that capillary growth in ischemic skeletal muscle is dependent on VEGF-R2 (24) . The upregulation of VEGF-R1 noted after SS may play some additional, yet undefined, role in vasculogenesis or angiogenesis under conditions involving SS, such as occur during embryonic growth.
Previous studies have documented a role for mechanical forces in EC migration and tube formation (16, 45, 46, 48) . The importance of VEGF-R2 in EC proliferation, migration, and tubulogenesis (4, 32) and the chemoattractant role of angiopoietin-1 for ECs (51) have also been documented. However, the role of VEGF-R1 in vasculogenesis/ angiogenesis is controversial. Results reported by Kearney et al. (18) have suggested that VEGF-R1 (Flt-1) is a positive mediator of angiogenesis since sprout formation and migration were found to be decreased in Flt-1 Ϫ/Ϫ mice. However, Yang et al. (53) found that Flk-1 but not Flt-1 stimulation is responsible for EC tubulogenesis. Therefore, these growth factor receptors play important roles in vasculogenesis/angiogenesis through complex processes, i.e., direct or indirect actions, interactions, or cross-talk.
The finding that exogenous VEGF enhanced tubulogenesis (tube length) after SS but not CS may be due to the fact that CS had a more profound effect on VEGF-R2 and also increased Tie-2. Thus, it is possible that the VEGFR-2 and Tie-2 proteins are maximally increased by CS, in contrast to the smaller VEGFR-2 elevation after SS and the failure of SS to significantly increase Tie-2. The supposition that EC stretch, per se, enhances capillary growth during development is supported by recent data from fetal mice in which lung airspaces were experimentally distended (10) . These mice demonstrated accelerated microvascular growth and increased in VEGF-A, VEGFR-1, and angiopoietin-1.
In conclusion, the results reported here support the hypothesis that both CS and SS evoke vasculogenic/angiogenic responses in coronary microvascular EC. However, SS is less effective in this role because it has little effect on EC migration and is less effective in evoking tubular branching than CS. Two major differences at the receptor level were noted for CS and SS: 1) Tie-2 is significantly increased only by CS, and 2) VEGFR-1 is increased only by SS. However, the vasculogenic/angiogenic responses are dependent on VEGFR-2 since the responses are negated by blockade of VEGFR-2. Thus, the study reveals that while SS clearly plays a role in vascular tubulogenesis, the cyclic component of stretch is an important dimension that maximizes the effect. While it is recognized that mechanical forces have an important influence on angiogenic regulation (15, 38, 56) , the precise signaling mechanisms involved are unclear. Since gene expression and cell function vary from one vascular network to another, our conclusions are limited to coronary microvascular ECs.
